The PID controller still remains a widely used and very effective means of achieving stability in control systems. Generally, the performance of the controller is determined by the proportional, integral and derivative gains of the controller. The classical techniques: ZieglerNichols (ZN) open loop method; ZN closed loop method; Chien-Hrones-Reswick (C-H-R) load rejection method; and meta-heuristic technique: the fuzzy logic algorithm, are used to determine the tuning parameters of the PID controller in this study. The performance comparison of these controllers is done for automatic generation control (AGC) of a multi-source single-area hydrothermal-gas power system. In such power systems, each source has a participation factor that determines its contribution to total power generation. The root mean square error (RMSE) is deployed to determine the proportionate balance of each generator's output with its corresponding participation factor. The performance comparison of the controllers using Simulink/MATLAB shows that the fuzzy-PID controller achieved the most proportionate generation balance.
INTRODUCTION
It has widely been reported that load disturbances in power systems result in corresponding system frequency changes (Fitri et al., 2017; Rahman et al., 2017) . One of the main objectives of automatic generation control (AGC) is to sustain the system frequency as close to nominal as possible or within the specified range. The AGC is the system for adjusting the power output of generators. These generators usually receive kinetic energy from turbines which in turn receive potential energy from various fuel sources which include: hydro, steam (thermal), gas (combustion), wind, etc. Each of these sources acts alone in single-source power generation.
Meanwhile, when two or more are combined, they create multi-source power generation. In multi-source (hybrid) power generation, each generator has a participation factor that determines its contribution to total power generation. The generators' outputs change in proportion to its participation factor. It has been established that the summation of participation factors of all participating generators, in each control area, is equal to unity (Barisal and Mishra, 2017) .
The AGC has received attention in literature for several years now. According to Barisal and Mishra (2017) , AGC was initiated by Cohn (1957) . In the past decades, various works on AGC (Debnath et al., 2017; Elsisi et al., 2015; Jadhav and Vadirajacharya, 2012; Panigrahi et al., 2017; Pradhan et al., 2017; Rajesh and Rajagopal, 2017) have been proposed and implemented.
It is readily observed in these works that the proportional-integral-derivative (PID) controller was used and various techniques were used to determine the gains of the PID controller. A PID controller continuously estimates an error value as the difference between a desired set point and a measured process variable and applies a correction based on the contribution of the proportional, integral, and derivative terms (Chen, 1996) .
Techniques for determining the gains of the PID controller can basically be categorized into classical techniques and meta-heuristic techniques. The most widely used classical technique for PID tuning is the Ziegler-Nichols (ZN) tuning methods. Kumar and Patra (2016) applied ZN methods for tuning PID controller for a fourth order plant; Chandrakala et al. (2014) used ZN method to tune PI controllers of a designed multi-source multi-area system by keeping the process under closed-loop P control; Singh and Singh (2014) Reswick made an observation that there is a difference when tuning for set point response and load disturbance response (Oonsivilai and Marungsri, 2007) . Since AGC is aimed at tackling load disturbances, the C-H-R load rejection (0% overshoot) method is also used to determine the gains of the PID controller.
Various meta-heuristics methods have also been proposed and implemented for AGC and very good results were achieved. Guha et al. (2016) utilized quasi-oppositional grey wolf optimization algorithm for load frequency control of a large scale power system; Sahu et al. (2016) employed teaching learning based optimization algorithm for AGC of multi-area power systems with diverse energy sources; Oonsivilai and Marungsri (2007) optimally tuned PID controllers for an AGC system using adaptive tabu search while Panwar and Chahar (2016) compared a fuzzy tuned PID controller with ZN tuned PI and PID controllers for automatic load frequency control of a three-area power system. A meta-heuristic is a general-purpose algorithmic framework that can be applied to different optimization problems with relatively few modifications (Shakrokhi and Zomorrodi, 2012) . It is formally defined as an iterative generation process which guides a subordinate heuristic by combining intelligently different concepts for exploring and exploiting the search space using learning strategies to structure information in order to find efficiently near-optimal solutions (Dorigo and Gambardella, 1997) .
A widely used meta-heuristic technique is the fuzzy logic control. Fuzzy logic has proved to be a powerful tool in various fields due to the fact that it can readily accommodate a wide range of operating conditions and it is more readily customizable in natural language terms (Osman and Laporte, 1996) . Combining the FLC with the PID controller creates a hybrid self-tuning controller. This is usually termed as the Fuzzy-PID controller.
In this paper, a multi-source (hydro, thermal and gas) single-area power system is modeled.
Classical control techniques (ZN and C-H-R methods) and meta-heuristic technique (Fuzzy Logic) are used to determine the gains of the PID controller for AGC of the power system. The participation factors of the generators are varied to compare the proportionate balance of the generators' outputs of each source with its participation factor using the root mean square error (RMSE). The dynamic performances of the ZN, C-H-R and fuzzy logic tuned controllers are then compared using the following performance indices: integral square error (ISE), integral absolute error (IAE), integral time squared error (ITSE) and integral time absolute error (ITAE). Fig. 1 shows the model of a multi-source single area power system. It comprises of hydro, thermal and gas generating units. The hydro unit has a hydraulic speed governor which is the main controller of the hydraulic turbine. The governor varies the water flow through the turbine to control its speed or power output (Al-Odienat and Al-Lawama, 2008) . Similarly, the steam unit has its speed governor. Apparently, the governor controls the flow of steam into the turbine according to the power generation output. The steam unit also has a reheat turbine which is considered as prime mover for higher thermal efficiency (Thapar, 2015) . In the case of the gas unit, the fuel system is associated with the valve positioner and the fuel system actuator. The valve positioner provides a control pressure to the actuator for controlling the valve. The fuel system generates the fuel supply signal based on fuel demand signal (Sarumathi et al., 2016) . The transfer function of a closed loop system with a positive feedback is given by (1).
METHODOLOGY

Power system model
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Then the overall transfer function of the system shown in Fig. 1 is given by (2).
For normal system operating condition, the total generation, P G , is the sum of generation by each fuel source. This is given by:
PF hy , PF th and PF g represent the participation factors of the hydro, thermal and gas source respectively which determines their contributions to the total power generation. The sum of the participation factors is equal to unity.
PF hy + PF th + PF g = 1 (4)
From Fig. 1 , the governor actions ensure that a large and sudden frequency fall or rise is prevented. This is known as primary control. However, to restore system frequency to its nominal value, secondary control (AGC) is required. To achieve secondary control, a negative feedback is introduced, weighted by a frequency bias constant, β, to the system. The frequency bias constant for a damping factor, D, is given by (5).
For the hydro unit, the temporary droop, R T , is calculated using (6).
The reset time, T R , is also calculated using (7).
The parameters for the hydro, thermal (Jagatheesan et al., 2017) and gas (Moghadam and Jalilzadeh, 2014) plants used in modeling the power system are shown in Table 1 . The overall system model is shown in Fig. 2. 
Design of the controllers
The controller used is the PID controller which is tuned using Ziegler-Nichols (ZN) open loop and closed loop methods, the Chien, Hrones and Reswick (C-H-R) load rejection method and the Fuzzy Logic Controller (FLC). This is for the purpose of determining the effectiveness and efficiency of each tuning mechanism. An ideal PID controller has the transfer function:
K p is the proportional gain of the controller, τ i is the integral time constant while τ d is the derivative time constant.
Kufa Journal of Engineering, Vol.10, No. 3, July 2019 157 L, time constant, T, and gain, K, (Abdulameer et al., 2016) . This is shown in Fig. 3 (Astrom and Hagglund, 1995) . for set point responses and load disturbance responses (Shakrokhi and Zomorrodi, 2012) . The ZN open loop method and C-H-R load rejection (0% overshoot) tuning parameters for the PID controller are shown in Table 2 . 
The primary loop transfer functions of the hydro, thermal and gas sources respectively when acting alone are: 
The step responses of the transfer functions are shown in Fig. 4 . , is the proportional value for which the system exhibits sustained oscillation. The gain margin, , of the system is equal to the ultimate control gain. This is obtained at a gain crossover frequency, . =
The ultimate or oscillation period, is calculated using (13). From the Bode plots of the closed loop transfer function, in Fig. 5 , of each source, the gain margins, , and gain crossover frequencies, , are shown in Table 5 . The ultimate periods, , are also shown, as well as the integral time constants, , and derivative time constants, . The no-overshoot closed loop tuning parameters from Table 5 are used for the PID tuning. The proportional, integral and derivative gains of the controllers tuned using ZN open loop, C-H-R load rejection and ZN closed loop methods are shown in Table 6 . Table 6 . PID gains of the controllers tuned using ZN and C-H-R methods.
Fuzzy-PID controller
The Fuzzy-PID Controller combines the Fuzzy Logic Controller (FLC) with the PID controller to create a hybrid controller. The Fuzzy interface is used to calculate the values of the PID control parameters (K p , K i , K d ). Therefore, it works as an automatic tuner for the PID controller (Jain and Beniwal, 2015) . A typical Fuzzy-PID controller is shown in Fig. 6 . the ACE (ACE') are taken as the Fuzzy inputs while the proportional, derivative and integral gains of the PID controller are taken as the fuzzy outputs. This is shown in Fig. 7 . A Mamdani-type fuzzy inference system is used. All 5 inputs and outputs were mapped, using equally spaced Gaussian membership functions, into: {very low (VL), low (L), medium (M), high (H), very high (VH)}. The rules relating the inputs with each output are shown in Table 7 . 
Performance Indices
Performance Indices are measures used to determine the performance of a control system design for a process. The performance indices are a function of the error signal. Examples include: the integral square error (ISE), the integral absolute error (IAE), the integral time squared error (ITSE) and the integral time absolute error (ITAE) etc. These performance indices are used as the fitness functions for the performance comparison of the tuned controllers, with the change in frequency (△f) taken as the error, e(t).
In order to measure the proportionality balance between each generator's participating factor and its generation output, the root mean square error (RMSE) is used. The RMSE is the square root of the average of squared errors. It is used to measure the differences between values predicted by a model and observed values. It is given by (14).
In this case, ̂ is the predicted/expected power generation and is the actual power generation.
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RESULTS AND DISCUSSION
Simulations are done using Simulink, MATLAB software for a period of 100 seconds. The multi-source single-area power system is subjected to a 1% (0.01pu) load disturbance using each classically and meta-heuristically tuned controllers. First, for an uncontrolled power system, the frequency dropped and eventually settled at 49.37Hz for a load disturbance of 0.01pu, as shown in Fig. 8(a) . This deviation in frequency of the power system after the governors took action doesn't mean there is a lack of generation power but it is due to the characteristics of the governor, especially when the frequency deviation is small (Dinakin and Oluseyi, 2018) . As seen in Fig. 8(b) , the total power generation for a load disturbance of 0.01pu is 0.0072pu and this is inadequate. The power generation outputs for a 1% load disturbance, as a result of each controller action, for an equal participation factor for each source of 0.3333, are shown in Fig. 9 (a-d) . Table 8 . Again, it is seen from Table 8 The average generation outputs of each source from Table 8 are represented by the bar chart in Fig 10(a) while the average RMSE is shown in Fig. 10(b) . In order to achieve a balance between generation and load demand, the ACE must be equal to zero. For a load disturbance of 1%, the ACE based on the action of each controller is shown in Fig. 11(a) . It is observed that each controller successfully achieved a zero ACE, thus indicating that total power generation equals load demand. The resulting frequency deviations (△f), in Hertz (Hz), are shown in Fig. 11(b) . All simulations above were done for a load disturbance of +1%. It is also necessary to ascertain that the controllers can adequately deal with negative load disturbances. Therefore, Fig. 12 shows the frequency deviation for a load disturbance of 1% applied after 5 seconds and a load disturbance of -1% applied after 50 seconds. It is observed that for negative load disturbances, a mirror image of the frequency deviation of the corresponding positive load disturbance is achieved. The dynamic performance of the controllers is determined using the performance indices: ISE, IAE, ITAE and ITSE, with the frequency deviation, in Hz, taken as the error function, e(t). The values obtained are shown in Table 9 . From Table 9 , it is seen that the ZN open loop tuned PID controller achieved the best ISE value while the controller tuned using the C-H-R load rejection method achieved the best IAE, ITAE
and ITSE values. The Fuzzy-PID controller had the fastest frequency settling time.
CONCLUSION
A performance comparison of classical techniques and meta-heuristic technique for PID tuning has been presented. The comparison was done for automatic generation control (AGC) of a multi-source single area power system. Each source contributed to total power generation based on its participation factor. The RMSE error was used to estimate generation proportionality with participation factor. With a RMSE value of approximately 1e-05, the Fuzzy Logic tuned PID controller achieved the most proportional generation balance. This was followed by the ZN closed loop method with a RMSE of 1.96e-03 then the C-H-R load rejection method with 
